Approximately one-quarter of all cells in the adult human body are blood cells. The haematopoietic system is therefore massive in scale and requires exquisite regulation to be maintained under homeostatic conditions. It must also be able to respond when needed, such as during infection or following blood loss, to produce more blood cells. Supporting cells serve to maintain haematopoietic stem and progenitor cells during homeostatic and pathological conditions. This coalition of supportive cell types, organised in specific tissues, is termed the haematopoietic niche. Haematopoietic stem and progenitor cells are generated in a number of distinct locations during mammalian embryogenesis. These stem and progenitor cells migrate to a variety of anatomical locations through the conceptus until finally homing to the bone marrow shortly before birth. Under stress, extramedullary haematopoiesis can take place in regions that are typically lacking in blood-producing activity. Our aim in this review is to examine blood production throughout the embryo and adult, under normal and pathological conditions, to identify commonalities and distinctions between each niche. A clearer understanding of the mechanism underlying each haematopoietic niche can be applied to improving ex vivo cultures of haematopoietic stem cells and potentially lead to new directions for transplantation medicine.
Introduction
Haematopoietic stem and progenitor cells (HSPC) require signals from neighbouring cell types to maintain their selfrenewing potential. The microenvironment that is responsible for maintaining this unique property of stem and progenitor cells is termed the niche. HSPC originate and expand in a number of very distinct niches in the mammalian conceptus. Shortly before birth, HSPC home to the bone marrow (BM) to reside there for the remainder of the mammal's life. The haematopoietic niche plays roles in supporting the initial production of HSPC, the expansion of HSPC to allow the embryo to survive, and the maintenance of HSPC in the BM maintaining homeostasis and may be activated in peripheral anatomical sites to respond to stress [1] . The role of the niche may therefore vary widely according to the developmental stage of the embryo or the stress the adult is placed under.
In contrast to embryonic stem cells and similar induced pluripotent stem cells, we are still unable to maintain HSPC indefinitely. Initial studies focused on stromal populations, often fibroblastic in nature, isolated from haematopoietic tissues such as the yolk sac, foetal liver, and BM. These stromal cells offered signals such as soluble factors and cellcell interactions which supported the ex vivo or in vitro expansion of HSPC. Defining the mechanisms that niche cells orchestrate to maintain or expand HSPC under stress will improve the current therapeutic uses of blood stem and progenitor cells.
Prenatal Haematopoietic Niches
The generation of blood cells during embryogenesis is complicated by the fact that an increasing number of anatomical sites have been proposed to give rise to blood. Figure 1 shows the complex changes in anatomical location of blood production from the appearance of the first blood through to aged animals. For a thorough explanation therefore, we will be using the term conceptus, which includes the developing embryo or foetus as well as the placenta and the extraembryonic yolk sac. Mouse embryogenesis takes approximately 21 days from fertilisation to birth. Embryonic day of development will be abbreviated to E.
Initiation of Blood Production.
The first site of blood production in mouse conceptus is the yolk sac (YS) which is a bilayered membrane that surrounds the developing embryo (see Figure 2 ). Haematopoietic activity occurs in the mesodermal layer of the vascularised visceral yolk sac (VYS), which contains blood vessels and haematopoietic cells. In addition to the extraembryonic mesoderm, the VYS is also composed of an outer epithelial layer of extraembryonic visceral endoderm (VE) made of columnar epithelial cells with a brush border [8] . The VE layer of the YS has a large absorptive surface and is involved in embryonic nutrition [9] . In addition to its role in transporting substances between the maternal and foetal environments, VE cells also contribute to haematopoiesis by secreting factors that induce commitment of mesodermal progenitors to the hematovascular fate [10, 11] . The developing endothelium and haematopoietic cells are in very close proximity to the visceral endodermal cells [8] . The VE itself is derived from an extraembryonic endodermal progenitor. The specification of VE identity is dependent upon the extraembryonic endodermal cells being exposed to bone morphogenetic protein-4 (Bmp4), leading to gene expression changes resulting in haematopoietic supportive activity [12] . Coculture of haematopoietic progenitors with YS-derived endodermal cell lines results in expansion of haematopoietic cells in vitro [13] . The transcription factor GATA4 is critical to VE formation [9] . Embryonic stem (ES) cells lacking GATA4 are unable to form blood islands demonstrating the role of the VE in haematopoietic cell induction [9] . Factors secreted by the VE can induce the primitive ectoderm (which is fated to become brain) to be respecified to become haematopoietic leading to epsilon ( )-haemoglobin expression [10] . Indian Hedgehog (Ihh) produced by the VE activates expression of bone morphogenic protein-4 (Bmp4) in neighbouring mesodermal cells leading to haematopoietic initiation and patterning [10, 11] . Ihh also regulates vascular endothelial growth factor receptor 1 and 2 (VEGFR-1 and VEGFR-2) expression [14] . While both layers of the YS produce VEGF, mesodermal VEGF is unable to induce blood cell formation [15] . VEGF produced by the VE however is critical in blood and endothelial cell development in the YS demonstrating a clear role for the VE in the first haematopoietic niche [15, 16] .
Primitive Haematopoiesis.
The onset of YS haematopoiesis occurs from E7.5 in the mouse conceptus [19, 20] . This initial phase of blood production is termed primitive haematopoiesis [20] [21] [22] . During this phase, bands of primitive blood cells loosely associated with endothelial cells (the so-called blood islands) can be identified in the YS [23] . Primitive erythroid cells enter the circulation at approximately E9.0 [24] . Primitive erythroid progenitors (EryP-CFC) are maintained in the YS for close to 48 hours in close proximity to vascular endothelial cells and the VE described above. EryP-CFC express receptors for soluble growth factors such as c-Kit (receptor for stem cell factor, SCF), transforming growth factor-(TGF ) receptor, erythropoietin receptor (EpoR), angiopoietin (Ang) receptors, and VEGFR-2 [20] . YS endothelial cells purified according to expression of VEGFR-2 express SCF, TGF 1, and Ang1 mRNA [20] . VE cells, isolated by virtue of GFP expression driven of the -fetoprotein protein (AFP) promoter, express Ang1 mRNA [20] . VCAM-1 + mesenchymal cells in the YS have also been implicated as a niche cell controlling primitive erythroid cell maturation Figure 1 : Timeline of haematopoiesis from early development to postnatal development in mice. This figure depicts the anatomical locations of haematopoiesis and the trafficking of haematopoietic stem cells (HSCs) and progenitor cells essential for maintaining haematopoiesis for life. Blood production begins at the mesoderm (blue, E6.0) and yolk sac (orange, all stages). From here, the first wave is initiated at the yolk sac blood islands (red, E7.0 and E8.5). Blood production is then shifted to the yolk sac and placenta (red, E9.5), with the latter providing blood to the foetus (pink) until birth. At E10.5, blood production initiates at the foetal liver and aorta-gonad-mesonephros (AGM) (red). The spleen initiates blood production at E14.0 (red) and continues to be a site of haematopoiesis after birth at time of stress. At E18.0, blood production shifts to the bone marrow (red), which remains the dominant site of haematopoiesis for life. After birth, adipocytes (yellow) begin to accumulate within the bone marrow and progressively increase as the mouse ages. Early development pictures modified from [17, 18] . [22, 27] . Embryonic definitive erythrocytes are smaller than their primitive counterparts but larger than adult erythrocytes [28] . The second wave of definitive haematopoiesis is characterised by the production of definitive progenitor and stem cell populations including lymphoid progenitors and HSCs capable of longterm multilineage reconstitution of newborn and foetal recipients [29] [30] [31] . Despite the rapid changes in haematopoietic potential in this narrow developmental window, the impact of the other YS compartments is not well defined. It is currently unclear which signals from the YS niche are activating the definitive haematopoietic programme within the developing blood cells. However, we have recently observed that the secreted peptide gastrokine-2 is upregulated, transiently, in the YS VE cells close to the time at which haematopoietic activity diminishes in this tissue [32] . Gastrokine-2 protein was localised at the basal end of the VE cell facing the neighbouring endothelial cell, suggesting that this may be a signal from the VE influencing endothelial and possibly haematopoietic cell behaviour [32] .
The Placental Haematopoietic Niche.
In vitro culture studies showed that the embryonic component of mouse placenta forms a niche supporting haematopoietic progenitors [33] . HSPC are present in the mouse and human placenta [34] [35] [36] [37] . Clusters of haematopoietic progenitor cells can be observed attached to placental vascular endothelial cells [38] . Similar to the early YS, endothelial cells in the placenta produce SCF whilst the haematopoietic progenitors expressed the SCF receptor c-Kit [38] . Three regions are clearly defined in the placenta: the outer maternal decidua; the middle spongiotrophoblast layer; and the vascularized labyrinth. Placental trophoblasts produce platelet-derived growth factor-(PDGF ) to prevent the premature differentiation of HSPC, particularly erythroid progenitors [39] . The human placenta was identified as a niche supporting the terminal differentiation of primitive erythroid cells through interactions with macrophages [40] .
Embryonic Haematopoietic Niches

Aorta-Gonad-Mesonephros (AGM).
The dorsal aorta, at the level of the developing gonadal and mesonephros (AGM), exhibits clusters of haematopoietic cells attached to the endothelial wall [21, 41, 42] . These haematopoietic clusters contain definitive HSC activity [43] [44] [45] . Explant studies confirmed that tissues located ventrally relative to the dorsal aorta induce HSPC activity [46] . In contrast, tissues located dorsal to the aorta lack HSPC supportive activity [46] . When liver or BM HSPC are cultured with AGM stromal cells, HSPC repopulating-and colony-forming potentials are preserved [47] . However, not all AGM endothelial populations have the same supportive abilities. Endothelial cells derived from the ventral region of the dorsal aorta support both HSC maintenance and differentiation. Meanwhile, cells from the urogenital subregion of the AGM support HSC maintenance but fail to induce HSC activity [47, 48] . Cytokines, soluble factors, and physical anchorage are part of the AGM microenvironment that play a role in supporting HSCs [48, 49] . Growth factors that enhance HSPC activity such as SCF, Flt3-ligand, interleukin-3 (IL-3), and Bmp4 are all expressed in the AGM [44, 50, 51] . Hedgehog signalling also plays a role in regulating HSC activity in the AGM [46] . Signalling from the nervous system also influences intraembryonic haematopoiesis [52] . Sympathetic nervous system mediators (catecholamines) regulate HSC emergence independent of blood flow [52] . Furthermore, catecholamine receptors are present on nascent HSCs, reinforcing the interplay between nervous system and haematopoiesis [52] . Other factors, such as retinoic acid signalling and blood shear stress, are also key regulators of embryonic blood production [53] [54] [55] .
Foetal Liver Haematopoietic
Niche. By E10.5-11.0, haematopoietic progenitors are migrating from the YS, AGM, and placenta to the foetal liver (FL). HSPC activity increases rapidly in this endoderm-derived tissue as the embryo matures. The FL haematopoietic niche consists of a variety of cell types including maturing haematopoietic cells themselves, sinusoidal endothelial cells, macrophages, stromal fibroblasts, and hepatoblasts (progenitors of hepatocytes).
Hepatoblasts produce a broad range of haematopoietic growth factors including SCF, erythropoietin (Epo), thrombopoietin (TPO), and IL-6 which all support erythroid cell development [56] . The role of hepatoblasts in supporting haematopoiesis is best exemplified by mice lacking the tyrosine kinase Map2k4. These mice fail to form hepatoblasts, showing a significant reduction in Epo and SCF expression and a concomitant impairment in blood cell production, in particular erythropoiesis. HSPC express 1-integrin which interacts with vitronectin and fibronectin in the extracellular matrix produced by hepatoblasts [57] . This deposition of extracellular matrix by hepatoblasts is regulated by autocrine production of TGF [57] . Hepatoblasts also produce IL-7 to support lymphoid cell development [58] . A series of reports detailed the surprising use of an anti-CD3e antibody to purify a FL population which supported HSC maintenance. This population expresses a range of soluble factors including insulin-like growth factor-2 (IGF-2) and angiopoietin-like proteins 2 and 3 (Angptl2 and Angptl3). These cells have since been shown to express the hepatoblast markers albumin and Dlk, GFP-driven by the AFP promoter, and surface SCF. These cells also produce the chemokine CXCL12, also known as stromal-derived factor (SDF) [59] . Collectively, this data suggests these cells are likely to be hepatoblastic in origin. The FL niche was modeled in vitro following the generation of AFT024, a mouse FL stromal cell line. This cell line is Stem Cells International 5 highly supportive of HSPC and has been characterised at the transcriptome level to identify regulators of HSPC activity [60] . HSPC, expressing the surface marker Endothelial Protein C Receptor (EPCR), interact with sinusoidal endothelial cells [61] . These HSPC were observed in both the luminal and parenchymal aspects of the Lyve-1 + sinusoidal endothelial cells extracellular matrix made up of laminin and fibronectin [61] . Very recent findings in the zebrafish show that the arrival of blood progenitors in the perivascular niche leads to profound changes in the niche itself. Endothelial cells actively surround HSCs once they have entered the perivascular space [62] . A similar process was observed in the mouse FL. When transgenic labelled HSPC entered the FL parenchyma, vascular endothelial cells congregated around the HSPC. The HSPC then anchor to perivascular cells and orient their mitotic division planes according to the perivascular cell body they have adhered to [62] . These intriguing findings show that the niche is responsive to the behaviour of HSPC.
FL macrophages form a supportive microenvironment termed the erythroblastic island (EBI). Although the role of EBI is better defined in the BM (will be described later), FL EBI macrophages support the terminal differentiation of primitive erythroid cells [63, 64] . This interaction is dependent upon 4 1-integrin present on the primitive erythroid cells binding to VCAM-1 expressed by the FL EBI macrophage [63] . The precise role is unclear; however one important element is the engulfment and destruction of millions of expelled erythroid nuclei. FL macrophages lacking DNAse II, the primary DNA-degrading enzyme, show a massive uptake of erythroid nuclei which they are unable to digest. This leads to the macrophage rupturing releasing inflammatory mediators and killing the embryo [65] .
The Bone Marrow Haematopoietic Niche
The bone marrow (BM) is the predominant blood-producing site of adult mammals. The migration of the haematopoietic activity from the embryonic and foetal tissues, described above, to the foetal BM is only now being defined at the molecular level. Investigating foetal BM niche formation will help us to define the essential elements of the niche as it maintains blood production in the newborn, juvenile, and adult mammals.
Foetal Bone Marrow Haematopoietic Niche Formation.
The long bones of the mouse foetus begin to develop at approximately E14.5 and arise from mesodermal progenitors. At E15.5, the mouse long bones are cartilaginous bone templates lacking blood vessels. One day later in development, vessels can be detected in the periosteum (the layer surrounding the developing bone) and the epiphyseal plates found at each end of the long bones [66] . Calcification and vascularisation of BM cavity then begin, primarily in the middle region of the long bone. At this stage, collagen type 1, alpha 1-(Col1 1-) expressing osteoblasts emerge in the periosteum [66] . The middle cavity region is dominated by CD31
+ endothelial cells forming blood vessels and cKit + Sca-1 + Lineage neg (KSL) HSC can be detected. By E17.5, Col1 1 + osteoblasts occupy the middle BM cavity and expand alongside CD31 expressing vascular endothelial cells, both proliferating toward the epiphyseal plate [66] . The BM will eventually fill the medullary cavities of bones throughout the skeleton. The BM cavity can be subdivided into four regions: endosteal, subendosteal, central, and perisinusoidal regions. The endosteum is tissue lining the bone surface and facing the marrow cavity or the trabeculae of the spongy bone within the cavity and is mostly composed of osteoblasts though osteoclasts are also important components of this microenvironment [67] . Mice lacking the transcription factor Osterix (Osx) fail to form mature osteoblasts and mineralised bone matrix [68] . Osx −/− foetal BM is vascularised normally but lacks functional HSPC [66] . Osx −/− mice are therefore a useful model for assessing the role of osteoblasts in establishing the foetal BM niche.
Homing, adhesion, and retention of HSPC in the haematopoietic BM niche and their migration to corresponding microenvironments are controlled by chemotactic factors. Inactivation of the genes encoding the chemokine CXCL12 or its receptor CXCR4 led to significant decrease of HSC frequency in E17.5 foetal BM [69] . Foetal liver HSC frequency was not affected by Cxcr4-deficiency [69] . Cxcr4-deficient foetal BM is hypocellular with a severe reduction in myeloid cell frequency [70] . Mice lacking the genes encoding serum response factor (Srf ) or myocardin-related transcription factor (Mrtf ), which is regulated by Srf, also show normal FL HSPC frequency and exhibit a failure of HSPC to migrate to the foetal BM [71] . Srf -deficient HSPC fail to respond to the chemotactic cues of CXCL12. This foetal BM colonisation defect is phenocopied in mice lacking either Mrtfa or Mrtfb which show defective cell motility and actin remodelling [71] . CXCL12 and Scf gene expression was upregulated in Osx −/− mutant E17.5 BM [66] . Collectively, these findings suggest a BM-specific mechanism of niche formation dependent upon the CXCL12-CXCR4 axis and associated molecules.
The Neonatal and Juvenile Bone Marrow Haematopoietic
Niche. Profound physiological changes take place at birth. The newborn must breathe and digest food for the first time; the connection to the maternal circulation via the placenta and YS has ceased and, perhaps most importantly, the newborn is exposed to the external environment resulting in the activation of both the innate and adaptive immune systems. Haematopoiesis needs to accommodate these changes in oxygen transport and immune response. Surprisingly, very little is known about the immediate changes in the neonatal niche in spite of the profound shift in physiological activity. However, calcium ions originating from the bone matrix are clearly important. Mice lacking the calcium receptor (CaR) have hypocellular marrow just after birth [72] . CaR −/− HSPC fail to migrate to the endosteal niche as they cannot detect the increase in free calcium ions released from the bone surface [72] . CaR −/− HSPC show defects in binding to the extracellular matrix proteins fibronectin and collagen type 1 [72] . As the juvenile mouse matures, the bone matrix becomes more heavily ossified (mineralised). This complex process is critical in establishing a stable haematopoietic niche and relies on a broad range of regulators from transcription factors such as Runx2, phosphoproteins such as bone sialoprotein (Bsp), and osteocyte proteins such as Saa3. Deletion of genes encoding these proteins leads to abnormal mineralisation of the bone matrix potentially compromising the BM.
The Adult Bone Marrow Haematopoietic Niches
The BM serves as the main HSPC niche for adult eutherian mammals though the bones do not appear to vary in their HSC frequency [73] . The concept that there are specific cell types that can orchestrate a BM niche was strengthened by the discovery of a transplantable CD146-expressing cell in the human BM which, when transplanted into mice, could give rise to an entirely new BM niche which could support mouse HSC activity [74] . HSC can be found in most regions of the long bone; the trabeculated regions of the metaphysis are the preferred site of homing compared to the epiphysis (the endplates) or the diaphysis (the shaft of the long bone) [75, 76] . However, it is now clear that there are at least two anatomically distinct niches: the endosteal niche close to the bone surface and the perivascular niche associated with arterioles. Figure 3 simplifies the complex cellular compartments in the adult BM nice.
The Endosteal Niche of the Adult Bone Marrow.
Highresolution cytometric analysis of the adult BM has shown that HSCs preferentially localise to two distinct niches, the perivascular niche and the endosteal niche [77] . Mouse and human osteoblasts support HSPC [78] . The endosteal niche exhibits unique physiological properties including hypoxia and a greater concentration of free calcium ions coming from the bone surface [72, 77] . HSCs adhere to the osteoblasts [77, 79, 80] . Mice expressing a constitutively active form of parathyroid hormone led to an expansion in osteoblast number and HSC frequency [81] . Mice with conditional deletion of BMPR1a possess increased numbers of N-cadherin + osteoblastic cells. These in turn interact directly with HSC. This leads to an increased HSC frequency [82] . Conversely, transgenic ablation of osteoblasts led to a severe reduction in HSC frequency [83] . Inhibition of osteoclast function has been associated with reduced HSPC frequency [84] . However, osteopetrotic mice, which lack functional osteoclasts, show overgrowth of mineralised bone matrix and increased levels of HSPC [85] . This report challenged previous reports suggesting that osteoclasts may play a role in the BM haematopoietic niche.
Cooperative regulation among cytokine signals and cell adhesion molecules is required for HSCs maintenance or activation. Many factors including cytokines, chemokines, adhesion molecules, and transcription factors regulate the HSC quiescence in the endosteal niche. Some of the molecules defined in this process include Tie2 and angiopoietin-1 [86] ; SCF and its receptor c-Kit [87] ; CXCL12 [88] ; thrombopoietin [89] , Jagged1 interactions with Notch receptors [81] ; osteopontin [90] ; and N-cadherin which became a lightning rod of controversy in the field. N-cadherin expression was reported in the endosteal HSC niche [81, 82, 86] though its role remained unclear. However, N-cadherin is not required for HSCs maintenance though it may play a role in osteoblastic homophilic interactions [91, 92] .
The Perivascular Niche.
A niche supporting HSC activity has been identified in close proximity to the blood vessels of the adult BM and has been termed the perivascular niche [79] . HSCs interact with a perivascular mesenchymal cell type which has become the focus of many research groups. Imaging of the adult mouse BM revealed that the majority of quiescent HSCs are situated close to arterioles [93] . Cells expressing GFP under the control of the Nestin promoter (Nes-GFP) localise in the perivascular region. Although they constitute only a small fraction of BM cells, once purified these cells were shown to contain essentially all of the mesenchymal stem cell (MSC) activity of the marrow [94] . Even more striking, these Nes-GFP + MSC were found to sit adjacent to HSC. Nes-GFP + MSC produce soluble factors that support HSC maintenance such as CXCL12 and SCF. This led to the proposal that MSC form a niche with HSC directly and maintain HSC activity [94] .
Two distinct populations could be detected according to GFP transgene expression in the BM. Cells expressing high levels of the Nestin-GFP transgene (Nes-GFP bright ) localise to the perivascular region, exhibit pericyte-like morphology, and express the pericyte marker NG2 and -smooth muscle actin. These are found exclusively around arterioles [93] . Dormant HSCs are found in close proximity to these Nes-GFP bright cells. Genetic ablation of the NG2-expressing Nes-GFP bright population resulted in HSC migrating away from the arterioles. In contrast, the more abundant cells expressing low levels of the Nestin-GFP transgene (Nes-GFP dim cells) are reticular in shape and associate with sinusoids [93] .
Recently, much attention has been given to the role of the sympathetic nervous system forming the adult BM niche. Circadian noradrenalin secretion by the sympathetic nerves negatively regulates CXCL12 expression in the BM. This in turn reduces mobilisation of HSC from the BM niche [95] . Denervation of sympathetic nerves resulted in loss of HSC; however other BM components such as endothelial cells, MSC, and osteoblasts remained intact [96] . These sympathetic nerves were also found to be ensheathed by autonomous, nonmyelinating Schwann cells which are in direct contact with HSCs and lie parallel to blood vessels [96] . These glial cells regulate activation of TGF and HSC quiescence via TGF /Smad signalling [96] . The sympathetic nerve regulation of HSC maintenance is mediated indirectly by Nestin + MSC expressing the 3-adrenergic receptor [94] . Both adrenergic receptors 3 and 2 were reported to regulate HSC mobilisation [94] .
Similar haematopoietic defects were seen in transgenic mice with neurological abnormalities. UDP-galactose ceramide galactosyltransferase (CGT) is required for the synthesis of galactocerebroside and sulfatide required for myelin [97] . CGT −/− mice exhibit altered fibronectin network in the BM and a pronounced reduction in CD45
− VCAM-1 + stromal cells numbers [97] . Diminished HSC mobilisation from the BM was also observed in these CGT −/− mice after following granulocyte colony-stimulating factor (G-CSF) or fucoidan administration [98] .
The molecular mechanisms regulating this niche are becoming more clearly defined. SCF is clearly a critical factor in regulating the adult BM niche. Ding and colleagues performed an exhaustive analysis of the cell types expressing SCF in the marrow using the /+ mouse [99] . Endothelial cells and perivascular cells express GFP in this transgenic model. Conditional deletion of Scf in osteoblasts or Nestinexpressing cells had no effect on HSC frequency. However, specific loss of Scf in endothelial cells expressing Tie2-Cre led to significant loss of HSC frequency. The role of perivascular cell-derived SCF was confirmed by conditional deletion in leptin-receptor (LepR)-Cre-expressing cells. Intriguingly, this led to a reduction in BM HSC frequency with a concomitant increase in splenic HSC numbers. No change was observed during developmental stages demonstrating that SCF originating from the perivascular mesenchymal cells regulates the BM niche specifically. A similar phenotype was observed in vitamin D receptor (VDR) null mutant mice which show reduced BM HSC frequency and enhanced splenic HSC numbers [100] .
CXCL12 is crucial to HSC homing to the BM. A population of CXCL12-abundant reticular (CAR) cells was observed in the vascular niche [88, [101] [102] [103] . Conditional deletion of CXCR4 results in profound reduction in HSC frequency [88] . Conditional deletion of CXCL12 from Osx-expressing BM CAR cells and osteoblasts resulted in HPC mobilization and decline in B lymphoid progenitors [102] . Therefore, signalling between CXCL12 from CAR cells and CXCR4 on HSC maintains HSC self-renewal, proliferation, and migration. CAR cells are bipotent and are able to give rise to both osteoblasts and adipocytes as will be discussed later in this review [103] .
Other Cells of the Marrow Which Support Haematopoiesis.
HSCs reside in close proximity to megakaryocytes [104, 105] . Ablation of megakaryocytes reduces HSC proliferation and engraftment [105, 106] . Thrombopoietin (TPO) administration of megakaryocyte-ablated mice restores HSC function [105] . Cxcl4, which megakaryocytes produce, inhibits HSC proliferation, reduces HSC numbers, and decreases engraftment [104] . An increase in HSC number, proliferation, and repopulating activity was observed in Cxcl4-deficient 8 Stem Cells International mice [104] . Megakaryocytes also maintain HSC quiescence through TGF signalling under homeostatic conditions and promote HSC expansion via FGF-1 production under stress conditions [107] . High-resolution imaging in vivo revealed the colocalisation of HSCs with FoxP3 + regulatory T (Treg) cells on the endosteal surface [108] . However, whether this interaction is biologically relevant in homeostatic HSPC maintenance is unclear.
Haematopoietic Progenitor Niches
The expansion and maturation of committed haematopoietic progenitors require specific microenvironments. Here, we describe several critical niches regulating haematopoietic progenitor development into functionally mature cells.
Erythroblastic Islands Are Essential Niches for Erythropoiesis.
Erythroblastic islands (EBI) are a specialised niche found where mammalian erythroblasts proliferate and differentiate and are described in Figure 4 . Discovered by Marcel Bessis in the 1950s, EBI were first described as multicellular structures with developing erythroblasts at various stages of differentiation surrounding a central macrophage [109] [110] [111] . EBI have also been isolated from the foetal liver [63, 112] and spleen [113, 114] . The clinical significance of this niche was demonstrated in animal models of human haemoglobinopathies [115, 116] . The central macrophage of the EBI was proposed to be a "nurse" cell for erythroid development with macrophages providing iron to developing erythroblasts for heme synthesis [109] . However, there is still no direct evidence that the central macrophage is providing iron to the surrounding erythroblasts. Cytokines such as RCAS [117] , TRAIL [118] , and IGF-2 [119] are produced by EBI central macrophages. Another proposed function of the EBI central macrophage is to engulf and destroy extruded erythroid nuclei. Phosphatidylserine (PS) is exposed on the outer leaflet of the plasma membrane of the extruded erythroid nuclei [120] . EBI macrophages actively phagocytose extruded erythroid nuclei via the PS receptor, Tim-4 [63, 121] . After phagocytosis, the macrophages degrade the nuclei. DNaseII and its regulator, erythroid Kruppel-like factor-1 (Klf1), are essential in this process [65, 120, 122] . Embryos with targeted deletions of retinoblastoma tumour suppressor (Rb) protein, c-Maf, or the cytoskeletal protein paladin die in utero with defects in EBI function [112, 123, 124] .
B Lymphoid
Niche. B lymphoid progenitors reside in close proximity to the endosteum and migrate towards the central blood vessels in the BM as they mature [125] . VCAM-1 + CXCL12
+ expressing reticular cells were among the first B-cell-specific niche to be identified [101] . These cells lack endothelial and endosteal markers and are distant from the endosteal surface. Other cell types thought to play a role include CXCL-12-expressing osteoblasts and IL-7-expressing cells [83] . B-cell progenitors attach to CXCL-12-expressing cells and then relocate and attach to IL-7-expressing cells as they mature into pro-B-cells progenitors [101] . After naive Bcells are sensitized by antigens in the peripheral lymphoid organs, resultant plasma cells migrate to the marrow which then serves as a specific niche for these mature cells [101] . This niche offers prerequisite soluble factors (Blimp-1, CXCL12, APRIL, IL-5, IL-6, and TNF-) as well as necessary cell-cell contacts through CD44 and CD28. In the absence of IgE +
DX5
+ basophils, isolated plasma cells rapidly die. Addition of basophils enabled plasma cells survival [126] . F4/80 + Gr-1 low Siglec-F + eosinophils associate with plasma cells and supply IL-6 and APRIL for plasma cell survival [127] . Depletion of eosinophils in mice results in apoptosis of plasma cells [127] . Plasma cells also interact with megakaryocytes, which secrete APRIL and IL-6. Mice deficient in the thrombopoietin receptor, c-Mpl, have impaired megakaryopoiesis and show reduced numbers of plasma cells [128] .
Normal versus Stressed Splenic Microenvironments
Red blood cells, or erythrocytes, are normally generated from erythrocyte progenitor cells residing inside the BM in a process termed medullary erythropoiesis. The erythrocyte production rate increases dramatically during anaemia [129] . To recover from anaemic stress, erythroid progenitors migrate from the BM to extramedullary sites such as the spleen, which act as secondary sites for erythrocyte production. This process is termed stress erythropoiesis and is a critical phase in the recovery from haemorrhage or diseases causing anaemia [130] . Stress erythropoiesis often manifests as a dramatic increase in spleen size (termed splenomegaly) and is most notable in chronic haemolytic conditions such as thalassaemia and sickle cell anaemia but is also observed in many haematological diseases such as myelofibrosis, leukaemia, and lymphoma [129] . Bmp4 and Hedgehog signalling act together with Epo, SCF, and hypoxia to encourage extramedullary haematopoiesis in the spleen during stress [131, 132] . Hedgehog signalling is also required for the recovery from anaemia [133] . The splenic stroma consists of vascular and lymphatic endothelial cells, marginal zone macrophages, follicular dendritic cells, fibroblastic reticular cells, marginal reticular cells, and red pulp fibroblasts. The erythroblastic island is the only known splenic stromal cell which has been examined during anaemic stress. Forssman antigen + F4/80 + macrophages extend their cytoplasmic processes around erythroblasts in the spleen after irradiation and transplantation [113] . MSS31 endothelial-like cell lines isolated from newborn mouse spleen selectively supported the maturation and enucleation of the erythroid progenitor cells by direct cell-cell contact [134] . Fibroblast-like SPY3-2 cell line expresses high levels of SCF and low levels of granulocyte macrophage colony-stimulating factor and IL-3 and can support erythroid differentiation in vitro [135] .
Inhibition of the Haematopoietic Niches
As mammals age, fatty marrow predominantly takes over the BM compartment [136] . BM adipocytes, or yellow adipose tissue (YAT), are often dismissed as simple "spacefillers" that lay dormant in the marrow [137] . YAT may also serve as an emergency energy reservoir [138] . However, it has been recently shown that YAT plays an active role within the haematopoietic microenvironment influencing haematopoiesis and osteogenesis [139] . YAT originates from BM MSC, the same precursors that give rise to osteoblasts and haematopoietic cell types. YAT responds to systemic changes in energy metabolism. This is most evident in ageing where there are large changes in YAT volume. As ageing individuals show increased BM YAT and anaemia, it was proposed that BM adipocytes may inhibit blood production. By comparing the haematopoietic recovery of wild-type and fatless A-ZIP/F1 mice after lethal irradiation, it was observed that the lack of adipogenesis in the fatless mice enhanced haematopoietic recovery [139] . This was due to the enhanced engraftment of short-term progenitors in the BM compartment. Ablation of YAT also improved osteogenesis [139] . In vitro cultures of BM-derived adipocytes yielded a reduced expansion of haematopoietic cells, indicating that adipocytes release diffusible inhibitors of haematopoiesis. Secretion of neuropilin-1, lipocalin 2, adiponectin, and TNFfrom adipose tissue can inhibit proliferation of haematopoietic cells [139] . However, adiponectin can support HSC proliferation [140] . Transgenic ablation of CAR cells revealed their essential role in the niche and demonstrated the potential of these cells to form both osteoblasts and adipocytes [103] . The transcriptional regulator Foxc1 is highly expressed by CAR cells. Conditional deletion of Foxc1 led to a profound change in CAR cell fate. Rather than giving rise to both osteoblasts and adipocytes, a lineage bias was observed with a far greater number of mature adipocytes forming in the BM [141] . This in turn led to a pronounced decrease in HSPC activity. CAR cells also expressed the adipogenesis markers leptin receptor and peroxisome proliferator-activated-receptor-. Enforced expression of Foxc1 in the preadipocytic cell stromal cell line OP9 led to enhanced haematopoietic supporting activity and loss of adipogenic activity [141] . Collectively, these findings demonstrate that Foxc1 is acting as a rheostat within critical niche cells, specifying whether the marrow will support or inhibit haematopoiesis.
Commonalities and Distinctions between the Different Haematopoietic Niches
Assessing the cellular and signalling components of all of the critical haematopoietic niches throughout ontogeny was a revealing exercise. Commonalities between these profoundly distinct niches become obvious. Not surprisingly, SCF and its receptor c-Kit were observed to play critical roles in extraembryonic, embryonic, foetal, and adult blood production as well as during recovery from stress. SCF and Hedgehog signalling are significant players in haematopoiesis ranging from the first primitive erythroid cells through to extramedullary haematopoiesis in the spleen during anaemia. Likewise, Bmp4 signalling was highlighted as being important in numerous niches including the YS, AGM, BM, and anaemic spleen. Hypoxia is also clearly important in a number of niches. The role of blood flow is critical in the AGM for HSPC development. It may also play a role in shutting down primitive erythroid progenitor activity in the YS. Similar rheological signals are less likely to be important in the parenchyma of the FL or BM. The distinction between foetal and perinatal niches was highlighted by the importance of CXCL12 and its receptor CXCR4 in the BM. This signalling system plays a far less significant role in the early embryonic stages of haematopoiesis though it is critical in numerous elements of adult haematopoietic production.
Application of Our Understanding of the Haematopoietic Niche
How can we apply our understanding of the different haematopoietic niches to medical technology and practice?
The deconstructionist approach has been flipped recently with the development of "bone marrow-on-a-chip. " Microfluidic cultures of marrow maintained HSPC in vitro for at least 1 week demonstrating that the critical microenvironment for controlling HSC activity can be engineered [142] . This could improve current models for drug development and screening. Animal experimentation could be reduced or replaced as human "bone marrow-on-a-chip" systems could be used to assess the toxicity or efficacy of novel compounds on the human haematopoietic system. This system can be scaled up allowing for high throughput screening of new therapeutical compounds. Perhaps the most medically relevant utility of the niche is as a system for the ex vivo expansion of HSPC for transplantation. Currently, we cannot maintain HSPC indefinitely in vitro or ex vivo in the same way we can maintain embryonic stem or induced pluripotent stem cells. One of the "holy grails" of haematology is therefore identifying the factor or combination of factors that can maintain HSPC indefinitely in an ex vivo setting. This would have massive repercussions for transplantation and transfusion medicine, as it could allow for the correction of genetic lesions in HSPC, thus allowing for effective engraftment after transplantation. This could be applied to a broad range of haematological disorders affecting millions of people such as sickle cell anaemia, -thalassaemia, immunodeficiencies, and bloodclotting disorders.
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